A low-energy, high-repetition-rate picosecond laser (40 μJ, 20 kHz, 258 nm) was used for multiphoton ionization (MPI) in gas chromatography/time-of-flight mass spectrometry to quantitatively determine dioxins (DXNs) and polycyclic aromatic hydrocarbons (PAHs). The sensitivity of the technique was compared with that obtained using a high-energy, low-repetition-rate femtosecond laser (86 μJ, 1 kHz, 261 nm). The limits of detection (LODs) for the picosecond laser were several femtograms for chlorinated DXNs with low numbers of chloro substituents, and were several times lower than values obtained using a femtosecond laser, although the LODs were increased, reaching values that were nearly identical to those for the femtosecond laser for octachlorodibenzo-p-dioxin (octaCDD) and octachlorodibenzofuran (octaCDF). The LODs were also measured for 16 PAHs specified by the United States Environmental Protection Agency; the values for half of these compounds were at sub-femtogram levels. The procedure was used to analyze a surface-water sample collected from a river.
Introduction
During the past several decades, serious environmental problems have arisen in many countries because of very rapid economic growth. For example, pollution arising from the presence of persistent organic pollutants (POPs), such as dioxins (DXNs) and polycyclic aromatic hydrocarbons (PAHs), is a well-known issue, and has been documented in both advanced and developing countries. These compounds are mainly emitted as exhaust gas from incinerators as the result of the industrial combustion of petroleum/coal and from abandoned industrial equipment. Although these compounds are present at low concentrations in soil, water, and air, some are extremely toxic and carcinogenic. [1] [2] [3] [4] [5] For this reason, many research institutes have developed sensitive methods for the determination of these compounds in environmental samples. 6, 7 One of the more successful methods is high-resolution gas chromatography combined with high-resolution mass spectrometry (HRGC/HRMS) with electron ionization (EI), a technique that is frequently used for the determination of POPs. [8] [9] [10] However, the EI technique utilized in HRGC/HRMS ionizes many compounds simultaneously, even interfering species, some of which can have nearly identical retention times to the analytes in GC. In addition, the numerous fragment species that appear in the mass spectrum make the determination of the analytes difficult. In order to avoid the effect of interfering species, it is frequently necessary to preprocess a sample prior to using GC/MS, which is time-consuming and increases the cost of the analysis.
Gas chromatography/multiphoton ionization/time-of-flight mass spectrometry (GC/MPI/TOF-MS) has been developed for the trace analysis of POPs, because of its excellent selectivity and sensitivity. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The MPI technique reduces undesirable interfering signals and enables the acquisition of a mass spectrum with fewer fragment peaks.
Moreover, the two-dimensional display of data in GC/TOF-MS allows a researcher to easily identify many signal peaks simultaneously. In data reported in the literature, the limits of detection (LODs) for DXNs were lower than the values for all criteria (K0311) prescribed by the Japanese Industrial Standards (JIS). 22, 23 However, further improvement in sensitivity is required for the determination of DXNs in human blood. 24 In this study, we utilized a low-energy, high-repetition-rate (high-average-power) ultraviolet picosecond laser as an ionization source in GC/MPI/TOF-MS, and evaluated this technique for the ultratrace analysis of DXNs using a solution containing a standard mixture of analytes. In a previous study using a picosecond laser, the fifth-harmonic emission (213 nm) was employed to enhance the efficiency of ionization from triplet levels, since the ionization efficiency decreases with an increase in the number of chlorine atoms by intersystem crossing, a phenomenon referred to as a heavy atom effect. [25] [26] [27] In the present study, we used a high-power picosecond laser with a shorter pulse width (ca. 1 ps) than the lifetime of the triplet states for most DXNs. The results obtained were compared with values obtained using a high-energy, low-repetition-rate (low-average-power) ultraviolet femtosecond laser. The present analytical instrument was also applied to the analysis of a standard sample mixture containing 16 PAHs specified by the United States Environmental Protection Agency (U.S. EPA). Finally, we analyzed a surface-water sample collected from a river to demonstrate the applicability of the instrument to the practical trace analysis of an actual environmental sample.
Experimental

Reagents and chemicals
A standard mixture solution (DF-B10-CS7) containing 23 different isomers of 12 C-native DXNs was purchased from Kanto Chemical Co., Inc. The standard solution was diluted ten fold with n-nonane for the analysis of DXNs EPA. 28 A standard mixture was diluted to 4.5 -45 fg μL -1 with acetonitrile (analytical grade). The acetonitrile was purchased from Kanto Chemical Co., Inc.
SPE
The method for pretreating the surface-water sample was described in detail in a previous report. 29 Water (1 L) was collected from a river in China, and solid particles were removed by passing the sample solution through a filter. An aliquot of an artificial standard solution (100 μL) containing 4 ppm of each PAH was added to pure water for determining the recovery of the analytes in the pretreatment process. After solid phase extraction (SPE), the PAHs were desorbed using organic-solvent-free pure water at a flow rate of 6 mL min -1 . The extract was dried with sodium sulfate and concentrated under a stream of nitrogen on a heated water bath. An internal standard solution containing ACE-d10, PHE-d10 and PYR-d10 (400 pg of each) were mixed with the sample, and the solution was made up to 1 mL. The recoveries of the PAHs were 40 -120%.
Apparatus
The TOF-MS instrument developed in our laboratory has been described in detail elsewhere, [30] [31] [32] [33] and is now commercially available (HGK-1, Hikari-GK, Fukuoka, Japan). One microliter of sample solution was injected into a GC (6890GC, Agilent Technologies) using an auto sampler (6890N, Agilent Technologies). An HP-5 column (30 m long, 0.25 mm i.d., 0.25 mm film thickness, J&W Scientific) was utilized for separating the analytes. The flow rate of the helium carrier gas was maintained at 1 mL min -1 . For the measurement of DXNs, the temperature of the GC oven was increased at a rate of 8 C min -1 from 130 to 300 C, and was then held for 5 min. For the measurement of PAHs, the GC oven was programmed to increase at a rate of 20 C min -1 from 40 to 120 C, and was held for 1 min. The temperature was then increased at a rate of 5 C min -1 , and was held for 3 min. Finally, the oven was increased to 280 C at a rate of 5 C min -1 , and was maintained at this temperature for 10 min. 18 The column for the separation was connected to a deactivated silica capillary (1 m long, 0.25 mm i.d., Agilent Technologies) that was employed as a transfer line to permit the sample to be introduced into the TOF-MS. The temperatures of the transfer line and the inlet port of the GC were kept constant at 300 C during the measurements. The laser used as an ionization source was either the fourth-harmonic emission (258 nm, 790 mW) of a picosecond Yb:YAG laser (1031 nm, 20 kHz, 1.3 ps, 4.0 W, MOIL-ps L11590, Hamamatsu Photonics) or the third-harmonic emission (261 nm, 86 mW) of a femtosecond Ti:sapphire laser (784 nm, 1 kHz, 100 fs, 0.90 W, Concerto, Thales). The laser beam was focused on the analyte in an effusive molecular beam using a fused-silica lens with a focal length of 200 mm. The position of the lens was adjusted to maximize the signal of molecular ions and to minimize fragmentation in each experiment. Although the thickness of an entrance window for introducing the laser beam into TOF-MS was 6 mm in past studies, in this study the thickness was decreased to 1 mm so as to reduce two-photon absorption induced by the window material (fused silica). The ions generated by MPI were accelerated toward a flight tube, and were detected by means of an assembly of microchannel plates (F4655-11, Hamamatsu Photonics). The signal was then enhanced using an amplifier (574 Timing Amplifier, ORTEC), and the pulse shape was reformed using a discriminator (473A a Constant Fraction Discriminator, ORTEC). The voltage applied to the microchannel plate, the gain of the amplifier, and the threshold level of the discriminator were optimized so as to increase the count rate of the ions and to decrease undesirable noise arising from the detector and the electronics. The signals were recorded and accumulated by means of a computer-interfaced digitizer (AP235, Agilent Technologies) that was programmed using LabVIEW software. The data were analyzed using homemade software prepared using LabVIEW. The signal-to-noise ratio (S/N) was calculated by dividing the signal intensity by the two-fold standard deviation of the background noise in the chromatogram. The LOD was then calculated as a concentration at S/N = 3.
Results and Discussion
DXNs
Standard sample mixtures (original solution and the ten-fold diluted solution) were analyzed by GC/MPI/TOF-MS using picosecond and femtosecond lasers as ionization sources in order to evaluate the performance of the methodology. Figure 1 shows an expanded view of the data in the form of a two-dimension display in the region of tetrachlorodibenzo-p-dioxins (tetraCDDs) and tetrachlorodibenzofurans (tetraCDFs), measured using the picosecond laser. All native 12 C-congeners of tetraCDD/Fs, in addition to the 13 C-congeners that had been added to the sample solution as internal standards, could be clearly observed, and the intensity distributions of the isotope peaks were identical to those calculated from the natural abundance of the chlorine atom. Thus, tetraCDD/Fs as well as other CDD/Fs congeners can easily be identified using two-dimensional display data. This is a distinct advantage of GC/MPI/TOF-MS over HRGC/HRMS. Table 1 gives the LODs, which are defined as the concentrations required to produce a signal-to-noise ratio (S/N) of 3, for tetra, penta, and octaCDD/Fs measured using the picosecond and femtosecond lasers. The LODs were much less than the values reported in K0311 (500 fg for octaCDD/Fs and 100 fg for other CDD/Fs) prescribed by JIS, except for pentaCDD. 23 The poor LODs for pentaCDD were not the result of the sensitivity of the MS but, rather, arose from the background signal of interfering species bleeding from the HP-5 capillary column used in this experiment; this undesirable background could be reduced by replacing the column used with a DB-5ms column, which is designed for use in MS and is currently employed in dioxin analysis. As shown in Table 1 , the LODs were improved by several times when the high-average-power picosecond laser was used, compared to the use of a low-average-power femtosecond laser, suggesting that the lifetime of the singlet-excited state is longer than the laser pulse width of 1 ps, except for highly chlorinated PCDD/Fs. The LODs for the PCDFs were somewhat lower than those for PCDDs, probably due to the larger molar absorptivities for PCDFs at 258 nm. 34 For highly chlorinated PCDD/Fs, the LODs increased with increasing numbers of chlorine atoms, the tendency of which was more serious for ionization using a picosecond laser. This unfavorable result can be attributed to a decrease in the singlet-excited-state lifetime by a heavy atom effect.
The use of HRGC/HRMS with a detectability of 10 fg for 2,3,7,8-tetraCDD and of 50 fg for octaCDD at S/N > 5 is required for the analysis of DXNs in human blood. To accomplish this, the LODs were examined more carefully using a sample prepared at a lower concentration of 0.1 pg μL -1 , and the LOD was 5.9 fg (9.8 fg at S/N = 5) for 2,3,4,7,8-pentaCDF and 4.7 fg for 2,3,7,8-tetraCDF. It should be noted that 2,3,4,7,8-pentaCDF is present at 10 -100 times higher concentrations in human blood than 2,3,7,8-tetraCDD, and would be more important for evaluating the exposure to DXN, although the toxicity equivalent factor (TEF) is 30% of the value for 2,3,7,8-tetraCDD. 35 Unfortunately, the LODs determined in this study were poor especially for highly chlorinated PCDD, and could not be improved even by measuring at lower concentrations. However, it has been reported that the ionization efficiency can be significantly improved by replacing the fourth-harmonic emission with the fifth-harmonic emission (or the simultaneous use of both emissions) of a picosecond Nd:YAG laser. 36 Thus, a compact picosecond laser (33 × 18 × 46 cm) with a high average power would be useful for the practical trace analysis of DXNs in environmental samples, and probably in human blood as well. 
PAHs
A standard sample mixture containing 16 PAHs specified by the U.S. EPA was measured using the picosecond and femtosecond lasers for MPI in GC/TOF-MS. Figure 2 shows an expanded view of the two-dimension display measured for a sample prepared at a concentration of 45 fg μL -1 ; the figure is separated into 9 parts so as to permit 16 PAHs to be visualized. All of the compounds were clearly separated and measured; the isotope peaks of the molecular ion, Table 2 gives the measured LOD values obtained for the picosecond and femtosecond lasers as ionization sources. The LODs found using the picosecond laser were an order of magnitude lower than those achieved using the femtosecond laser. The ratio of LODs obtained using the picosecond and femtosecond lasers does not change significantly for PAHs, which is in contrast to the case for PCDD/Fs given in Table 1 . This can be explained by the fact that the excited-state lifetimes for the PAHs are longer than the pulse width of the picosecond laser, since no heavy atoms are present in the molecule. 18, 29 It should be noted that the LODs for the picosecond laser were considerably less than 1 fg for NAP, PHE, PYR, BaA, CHR, BaP. When the sample solution containing PAHs was further diluted and measured at a concentration of 4.5 fg μL -1 , the LODs were decreased to 0.9 and 0.5 fg for FLT and FLU, respectively (LODs were <1 fg for the above 6 PAHs). To our knowledge, the most sensitive analytical instrument for measuring organic compounds is HRGC/HRMS, a technique that allows the measurement of an analyte at the 100-fg level, at an S/N of 200 (1.5 fg at S/N = 3) under a single-ion-monitoring mode in the best case. 37 The LODs obtained in this study represent a breakthrough, in that they crossed the 1-fg barrier in GC/MS. This excellent result can be attributed to the use of a high-power picosecond laser as well as a noise-reduction system by employing a discriminator that eliminates undesirable signals emanating from the detector and the electronics. The LOD could be further improved if a shorter separation column were to be used, but this would be at the expense of the separation resolution. It should be noted that a laser-ionization technique is in the development stage, and that it would be possible to substantially improve the LOD by modifying the ionization scheme, or even simply using a laser with a higher output power. In order to demonstrate the applicability of the analytical instrument to the analysis of environmental samples, PAH was extracted from a surface-water sample and was measured using the picosecond laser. Figure 3 shows the obtained data in the form of a two-dimensional display, suggesting that more than several hundred compounds were present in the sample. From the data shown in Fig. 3 , it was possible to assign 16 PAHs in the priority list of the U.S. EPA. As an example, an expanded view of the part in which BaP appears is shown in the figure as an insert, clearly suggesting that BaP was present in the sample. As demonstrated herein, GC/MPI/TOF-MS using a compact picosecond laser has a potential for use as a powerful analytical tool for the practical trace analysis of POPs in environmental samples.
Conclusions
POPs, such as PCDD/Fs and PAHs, were measured using a compact high-power picosecond laser for MPI in GC/TOF-MS, and the results were compared with values obtained using a low-power femtosecond laser. This approach resulted in LODs lower than 6 fg for 2,3,7,8-tetraCDF and 2,3,4,7,8-pentaCDF and LODs at sub-femtogram levels for 8 PAHs among 16 PAHs in the U.S. EPA priority list. The analytical instrument developed in this study was used to examine a sample extracted from river water, and was found to be useful as a sensitive as well as a selective means for the analysis of actual samples.
